This work focuses on the effect of strain rate on the mechanical response and adiabatic heating of two austenitic stainless steels. Tensile tests were carried out over a wide range of strain rates from quasi-static to dynamic conditions, using a hydraulic load frame and a device that allowed testing at intermediate strain rates. The full-field strains of the deforming specimens were obtained with digital image correlation, while the full field temperatures were measured with infrared thermography. The image acquisition for the strain and temperature images was synchronized to calculate the Taylor-Quinney coefficient (β). The Taylor-Quinney coefficient of both materials is below 0.9 for all the investigated strain rates. The metastable AISI 301 steel undergoes an exothermic phase transformation from austenite to α'-martensite during the deformation, which results in a higher value of β at any given strain, compared to the value obtained for the more stable AISI 316 steel at the same strain rate. For the metastable 301 steel, the value of β with respect to strain depends strongly on the strain rate. At strain rate of 85 s −1 , the β factor increases from 0.69 to 0.82 throughout uniform elongation. At strain rate of 10 −1 s −1 , however, β increases during uniform deformation from 0.71 to a maximum of 0.95 and then decreases to 0.91 at the start of necking.
Introduction
Austenitic stainless steels have an excellent combination of mechanical properties, weldability, and corrosion resistance that makes them suitable for a wide range of engineering applications. In particular, AISI 301 (EN 1.4318) has recently attracted attention because of its lower nickel content and excellent strain hardening properties. This steel grade is less stable than other widely used austenitic stainless steels, and its microstructure can transform from face-centered-cubic (FCC) austenite to near body-centered-cubic (BCC) α'-martensite [1, 2] . Throughout this paper the term "martensite" is used to refer to the above mentioned near BCC α'-martensite. In contrast, AISI 316 (EN 1.4420) is a stable austenitic steel. The mechanical properties of these commercial steels have been widely studied at quasi-static strain rates [3] , but their thermomechanical behavior at intermediate and high strain rates still requires further studies. One reason for this is the difficulty of quantifying the effects of adiabatic heating on the material's response at high strain rates. Adiabatic heating takes place when the energy used for deforming the material turns into heat, but this heat cannot dissipate fast enough to its surroundings, so the temperature of the material increases. This temperature rise can affect the microstructural evolution and change the active deformation mechanisms and, consequently, have a strong effect on the mechanical response of the material [4, 5] . Moreover, the strain rate that causes a temperature rise high enough to influence the microstructural evolution depends on the thermal and physical properties of the material. The temperature rise can also be affected by a strain-induced phase transformation, which also releases heat and can thus affect the microstructural evolution [6] . The effects of strain rate and temperature on the mechanical response of the material are therefore strongly coupled [7] [8] [9] .
Measuring the temperature of the sample simultaneously with stress and strain allows the calculation of the Taylor-Quinney coefficient [10] [11] [12] , also called the β factor, in adiabatic conditions. This coefficient defines the fraction of the total plastic work that is released as heat instead of being stored in the microstructure of the specimen as dislocations and other permanent defects. Determining β is a challenging but very important task for understanding the effects of strain rate and temperature on the mechanical behavior of materials. The β factor of many metallic materials is typically assumed to be constant with a value of approximately 0.9. However, recent studies have shown that the β factor varies with plastic strain and that, in many cases, its value is much lower than 0.9. For example, Trojanowski et al. [13] and Macdougall [14] measured the surface temperature of a titanium alloy and an aluminum alloy using an infrared radiometer to calculate the β factor during high strain rate Split Hopkinson bar tests. The thermal data was validated with a fast response thermocouple, and their results showed that β increased with strain from 0.5 to 0.9. Recent developments in technology enable measuring the thermal full-field data by infrared thermography at high speed, and combining the data with the full-field strain obtained with digital image correlation (DIC) [15, 16] . Knysh et al. [17] obtained the β factor for some steels and titanium alloys with local measurements of temperature with an infrared camera and using DIC for the strain analysis. The alloys tested by Knysh et al. indicated a wide range of values for β, from 0.3 up to 0.8. Rittel et al. [18] highlighted the current disagreement in the β values reported in the literature for several materials, and showed that the value of β depends on the loading mode. Whatever the case may be, β is influenced by the microstructural evolution of the material, which is typically not constant during plastic deformation [19, 20] . Therefore, β is also a quantifiable measure of the evolution rate of the microstructure and can be used for describing how much and how fast the microstructure changes during deformation.
The β factor can be expressed as the ratio of the heat energy increment of the system, dQ, and the mechanical work increment, dW, as shown in Eq. 1:
In turn, the mechanical work increment is calculated in an uniaxial case by multiplying the force F and the distance moved by the acting point of the force (dx), which is equivalent to multiplying the stress, σ, the plastic strain increment, dɛ p , and the volume, V, of the element as shown in Eq. 2. Under adiabatic conditions, the released heat can be estimated as the product of the density, ρ, the heat capacity, c, and the incremental change of temperature (dT) as shown in Eq. 3.
By combining the above Equations, β can be calculated from the stress-strain curve and the temperature increase of the sample, as in (4): The value used for the heat energy must take into account all sources and losses of heat. In metastable stainless steels, more heat is generated by the exothermic martensitic phase transformation. Furthermore, at lower strain rates, some heat can dissipate to the surroundings leading to heat losses, which, in contrast, in adiabatic conditions reduces to zero. These two statements can be written as:
where dQ l includes the heat losses to the surrounding and dH → ′ is the internal heat release. The last component of Eq. 5, dE s , is the amount of energy stored in the microstructure as defects, such as dislocations. Accordingly, the Taylor-Quinney coefficient of a material deforming at adiabatic conditions is given by Eq. 6. This Equation shows an important result; in the case of a metastable microstructure, the heat from the (exothermic) phase transformation directly adds to the value of β.
In this work, the effects of strain rate and adiabatic heating on the metastable AISI 301 steel were studied in detail, whereas the stable AISI 316 steel was used as a reference. These two steels have similar initial microstructures and cold rolling state, but they differ in their chemical compositions,
and therefore the stacking fault energies are different. The evolution of their microstructures with plastic strain is also different due to their distinct deformation mechanisms. The higher stacking fault energy of the stable 316 steel allows easier cross slip of the dislocations and it also retains its austenitic structure during deformation, whereas the low stacking fault energy of the AISI 301 restricts the glide of dislocations to planar slip. The AISI 301 can also undergo strain-induced martensitic phase transformation during deformation. The phase transformation (austenite to martensite) is an exothermal reaction, i.e., it releases heat. The heat produced by this phase transformation will add to the adiabatic heating during deformation at high strain rates, and, as discussed above, this additional heat may contribute to the measured value of the Taylor-Quinney coefficient. The goal of this work is to quantitatively measure the Taylor-Quinney coefficient as a function of strain for the two steel grades and to evaluate the results based on the discussion presented above.
Experimental Setup and Procedure
Materials and Sample Geometry Table 1 summarizes the nominal chemical compositions of the two studied steels. Outokumpu Stainless LTD provided both steels in the same cold rolling state (2B). Both materials initially had an austenitic microstructure. The tension specimens were laser-cut from 2 mm thick sheets so that the rolling direction is parallel to the loading direction. The materials were tested in as-received condition. Figure 1 shows the specimen geometry.
Mechanical Testing
For each material, one uniaxial tensile test was carried out at the strain rates of 2. were performed using a servohydraulic Instron 8800 testing machine at Tampere University ( Fig. 2a) , whereas the tensile tests at the strain rate of 85 s −1 were carried out at the Dynamic Mechanics of Materials Laboratory, in The Ohio State University. These latter tests were carried out using an intermediate rate tensile bar system where a hydraulic actuator loads the specimen (Fig. 2b) . In this setup, the load on the sample is measured on a very long transmitted bar, of about 40 m, using semiconductor strain gages near the bar-specimen interface. The long transmitted bar allows the loading pulse to be recorded without the pulse reflected at the back end of the bar overlapping the measured load signal during the intermediate strain rate test. The sample is attached mechanically to both the bar and to the hydraulic actuator piston using pins that pass through the hole in the sample and sample holders attached to the bar and to the piston. Further details of the setup can be found in [21] .
Simultaneous Full-Field Strain and Temperature Measurements
The full strain fields were calculated from the images of the deforming specimen using a commercial Digital Image Correlation software program (Lavision, Davis10). The images at the strain rates below 10 −1 s −1 were recorded using two 5MPix E-lite cameras with 100 mm lenses, whereas the tests at the strain rate of 85 s −1 were recorded using a Photron SA1.1 high-speed camera with a 180 mm lens. In this setup, the strain field was only 2D, whereas in the lower-rate tests, the use of two cameras allowed 3D displacements to be computed. The front surface of the samples was painted with a white background base color, and fine black speckles were sprayed on top to produce a high contrast pattern. The thermal images were obtained at the same frequency as the visible images from the opposite (non-painted) side of the sample. The thermal images during the tests at low strain rates were recorded using a Telops Fast-IR-M2 K camera, while at the strain rate of 85 s −1 the images were recorded with a Telops Fast-IR-MFA-00083-101 camera. The true surface temperatures of the sample were obtained by calibrating the raw data acquired by the Telops cameras against thermocouple measurements carried out on an externally heated unloaded specimen. The Davis10 software (Lavision Inc.) was used to match both the visible and thermal images into the same spatial coordinate system. Table 2 summarizes the parameters used for the visible imaging, the infrared imaging, and for performing the DIC analysis. Figure 3 shows the true stress-strain curves and the corresponding strain-hardening rate curves for both materials at all the tested strain rates. These curves were plotted until ultimate tensile strength (UTS), after which the equations used for obtaining the true-strain and true-stress are no longer valid as the deformation in the specimen is not uniform. The stress-strain curves for the stable austenitic AISI 316 steel show a parabolic or almost linear stress-strain response at all the strain rates (Fig. 3a) . For this material, the flow stress increases with the increasing strain rate, and the shape of the stress-strain curve and the corresponding strain-hardening rate remain constant. In contrast, the shape of the stress strain curves of the metastable austenitic AISI 301 steel change with increasing strain rate (Fig. 3b) . At the quasi-static strain rate of 2.5 × 10 −4 s −1
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, the flow stress of the material increases significantly at around 0.1 true strain, and the strain-hardening rate increases until it reaches a maximum at around 0.25 true strain, after which the hardening rate starts decreasing. The increase in the strain-hardening rate can be related to the phase transformation of austenite to martensite, i.e., the transformation of a soft phase into a much stronger phase [22, 23] . Increasing the strain rate decreases the phase transformation rate, and consequently decreases the strain-hardening rate of the material [24] . At the strain rate of 85 s −1 , the shape of the stress-strain curve of the AISI 301 steel is very similar to the one observed for the stable 316 steel. Figure 4 shows the full-field temperature images obtained from the specimen at UTS for the metastable 301 steel at several strain rates. From these images, one can observe that at the strain rate of 85 s −1 the deformation is fully adiabatic, as the temperature field on the gage section is homogeneous, and there is no temperature increase in the grip sections. An increase of temperature in the grip sections would indicate a heat flow away from the deforming gage section, which should not happen if the deformation is adiabatic. At the strain rates of 10 −1 s −1 and 10 −2 s −1 , however, the temperature of the gage section is not constant, and a maximum temperature can be observed in the middle of the gage section. The temperature along the gage section slowly drops towards the grip sections, and thus, evidence that heat is being conducted from the gage section to the grips. Therefore, the deformation is not fully adiabatic although the temperature of the sample clearly increases. At the strain rate of 2.5 × 10 −4 s −1 , the temperature does not increase along the gage length during uniform deformation as the heat produced by the phase transformation and by the plastic work is transferred to the surroundings so fast that the temperature of the sample remains constant. Based on measurement data not shown here for the sake of brevity, similar conclusions can be drawn for the stable 316 steel. Figure 5 shows the full field strain and temperature image pairs of the metastable 301 steel at different strains for the test at the strain rate of 85 s −1 . Both the strain and the thermal images show the shear bands formed in the material just before necking. The strain and thermal fields correspond to the opposite sides of the sample. Despite this fact, the shear bands observed in the strain fields match the shear bands observed in the thermal full-field data. Shear bands were similarly observed in the stable 316 steel in both the strain and thermal data. Figure 6 shows the temperature increase (ΔT) as a function of true plastic strain at all studied strain rates for both materials. In the lower strain rate tests, heat is conducted away from the gage section to the grip regions, and therefore averaging the temperature of the whole gage section would give values influenced by the heat transfer. This error is minimized by evaluating the increase of the temperature (ΔT) in a small area near the center of the gage section. That is, the temperature increase was obtained from the failure point of the sample. The ΔT for both materials increases with plastic strain for all the strain rates, except for the quasi-static strain rate of 2.5 × 10 −4 s −1 , for which the temperature increase is zero, as expected. For the stable 316 steel, higher strain rate leads to higher temperature increase at any given true plastic strain. For the metastable 301 steel, ΔT increases with strain similarly to the 316 steel for all the strain rates until 0.10 true strain. After that, however, the temperature of the 301 steel increases faster at the strain rate of 10 −1 s −1 than at 85 s , the temperature increases fastest at the plastic strains close to 0.25, which is approximately the same plastic strain at which the maximum strain hardening occurs. The phase transformation rate is also the highest at those plastic strains, i.e., true strain of 0.25 [24] . The exothermal phase transformation produces excess heat in the 301 alloy, which increases the temperature of the material during deformation. The phase transformation takes place more readily at lower strain rates, and therefore, the samples heat up more at lower strain rates even though the amount of mechanical work is higher at higher strain rates and heat transfer away from the specimen may take place at the lower strain rates. Figure 7 presents the β factor for both materials at the strain rate of 85 s −1 (solid line) and at the strain rate of 10 −1 s −1 (dashed line), and Fig. 8 shows the true stress and temperature as a function of true plastic strain, comprising the data used to obtain β in Fig. 7 . Since the calculation of the β factor at low values of strain is highly sensitive to the noise-to-signal ratio of both stress and thermal data, the values for the β factor presented in this work start from true plastic strain values of 0.07. At the strain rate of 85 s −1 (solid lines), the deformation is fully adiabatic for both materials, and values of β are clearly below the 0.9 value that has been widely used for metals [17] . In fact, the β factor increases with increasing strain. For the stable 316 steel, β increases from 0.50 at true plastic strain of 0.1 to about 0.57 throughout uniform elongation. The β factor for the metastable 301 steel has a minimum value of 0.69 at the true plastic strain of 0.10, and the β factor increases up to 0.82 at the UTS. At the highest strain rate, the temperature increase is so high that the phase transformation is significantly reduced. At this strain rate, the β factor of the metastable 301 steel behaves similarly to what is observed for the 316 steel, but it has higher values at all strains. In principle, the differences in the β factor mean that more energy is converted to heat in the metastable 301. At the strain rate of 10 −1 s −1 (dashed line), the temperature data was obtained from the final failure location, where the thermal conditions were assumed to be adiabatic for both materials (dQ l is zero in Eq. 5). As discussed earlier, it is evident that at this strain rate the whole specimen gauge length was not deforming adiabatically, but some heat transfer took place near the grip sections (see Fig. 4b ). Based on the IR measurements, however, the temperatures in the vicinity of the final failure point were evolving uniformly until necking, indicating that adiabatic deformation conditions were locally achieved at this point. The β of the stable 316 steel is not affected by strain rate, although both the flow stress (and thus the amount of plastic work) and temperature increase are lower at the strain rate of 10 −1 s −1 than at the strain rate of 85 s −1
. At strain rate of 10 −1 s −1 , the β of the metastable 301 steel increased from 0.71 at the strain of 0.1 to the maximum of 0.95 at strains close to 0.25, and then decreased to 0.91 at the end of uniform deformation. The maximum value for β was observed at the same strain as for both the maximum strain-hardening rate and the maximum phase transformation rate [24] . The two steels have similar mechanical responses at the strain . The data is the same as in Figs. 3 and 6 . The usage of solid and dashed lines is the same as in Fig. 7 rate of 10 −1 s −1 (Fig. 8b) , but the temperature increase is greater in the metastable 301 steel. The higher temperature increase in the metastable 301 steel can be explained by the exothermic strain-induced martensitic transformation, which adds to the total heat release within the material. The two sources of heating, i.e., heat release from the dislocation motion and heat release from the phase transformation, cannot be measured separately in situ with the current methods. Therefore, the determined values of β for the 301 steel do not indicate the classical dislocation theory-based relation between heat generation and the external work. Instead, for the metastable steel, β indicates the net heat generation within the material when it is subjected to external loading. A direct consequence of this reasoning is that, in principle, the momentary value of β could exceed 1.0, if the heat released from the phase transformation exceeds the amount of plastic work stored in the microstructure. It is, however, unclear, whether such a case would occur in practice.
As is evident in Fig. 4 , at lower strain rates the sample does not deform in adiabatic conditions and the β factor cannot be calculated with the current method. At those strain rates, there is heat transfer during the test within the sample and to the surroundings (air, test machine), so determining β would require either incorporating numerical heat transfer calculations to the analysis or carrying out the experiments with a completely thermally-isolated sample. The former method would be inherently inverse in nature and involve several uncertainties related to the accurate modeling of the experiment, such as the heat transfer coefficients of the various free and contact surfaces as well as heat conduction through several components. The latter method could in principle, give accurate results, but in practice, it is very challenging to carry out an experiment, in which the sample is fully thermally isolated and at the same time subjected to high mechanical forces. Therefore, the determination of β below the strain rate of 10 −1 s −1 is beyond the scope of this paper.
Conclusions
In this work, the mechanical behavior of two austenitic stainless steels was analyzed in terms of mechanical response and temperature evolution. Simultaneous full-field measurements of strain and temperature were carried out in tensile tests at a wide range of strain rates, ranging from quasi-static to dynamic conditions. The main conclusions of this work can be summarized as the following:
-The current setup and data analysis allow the strain and thermal fields on the specimen to be analyzed simultaneously. Shear bands in the specimen can be observed in both the strain and temperature fields. This indicates that good spatial and temporal synchronization is obtained between the two measurement techniques. -With the presented full-field temperature measurements, it can be determined whether the sample is tested under fully adiabatic conditions or not. This allows a distinction to be made as to whether the Taylor-Quinney coefficient (β) can be determined with the simple equation for adiabatic heating conditions or whether the heat transfer through the sample and to its surroundings has to be accounted for. This work focuses on strain rates involving fully adiabatic deformation conditions (i.e. at and above 10 −1 s −1 ), while the determination of β at lower strain rates is left for future studies.
-For the studied steels, the value of the β coefficient varies during the test, increasing with increasing strain, and is below the traditionally assumed value of 0.9. The β coefficient for the stable austenitic steel AISI 316 is significantly lower than the corresponding value for the metastable austenitic steel AISI 301. If it is assumed that the evolution of the microstructure in both steels, AISI 316 and AISI 301, is similar except for the phase transformation occurring in the metastable steel AISI 301, it can be concluded that the difference in the β coefficient is due to the exothermic phase transformation taking place in the metastable material.
